The thermal lattice expansion in the superconducting Mg 1-x Al x B 2 system (x=0, 0.13 and 0.59) has been measured using high-resolution X-ray powder diffraction. An unusual large negative 
Introduction
In the superconductivity of multiband materials [1] the configuration interaction between pairs in different bands opens a non BCS pairing channel, known as interband pairing, where the critical temperature (T c ) could increase via a repulsive interband pairing interaction [2] . The characteristic feature of the multiband superconductivity is the formation of an anisotropic superconductivity with an electronic state dependent gap that is known also as multigap superconductivity. While the theory of multigap superconductivity was proposed 46 years ago and more than 200 papers on the subject [see ref. 2 for the reference list] have been published these phenomena do not appear in the experimental investigation of homogeneous superconducting elements and alloys since inelastic interband scattering [3] suppresses the multigap superconductivity. From the experimental investigation of the nanoscale heterogeneous striped phase of the CuO 2 plane in cuprate high T c perovskites [4, 5] it was proposed that the 2D Fermi surface of superconducting plane is broken by the lattice heterogeneity into Fermi surface arcs associated with different subbands. In this scenario the key mechanism for high T c is driven by the interband pairing between the subbands in multiband superconductivity [6] [7] [8] [9] [10] [11] . The idea is that multiband superconductivity can be realized in metallic superlattices since disparity of the wavefunctions and the small overlap between the electronic states in different spatially separated subbands reduces drastically the electronic inelastic interband scattering rate _ =1/ _ . Therefore the heterogeneous structure provides unique systems where the very strict condition for the "clean limit" is met (the mean free path for interband scattering l interband > v F av , where av is the average superconducting gap) and the multigap superconducting phase can be realized.
The high T c is realized in superconducting heterostructures at atomic limit showing multiband superconductivity by tuning the chemical potential at a "Feshbach shape resonance" [2, [6] [7] [8] [9] [10] [11] [12] of the interband pairing occurring in the proximity of a quantum critical point where the topology of one Fermi surface of one of the subbands shows a dimensional cross over. This is known as a 2.5 Lifshitz electronic topological transition (ETT) [12] driven by the pressure or the charge density.
The superconducting MgB 2 , with the critical temperature, T c =39.5K [13] provides a very simple realization of the process of increasing the critical temperature T c of a bulk superconductor by making metal heterostructures at the atomic limit [10, 11] . In fact it is actually a composite intermetallic formed by a multilayer of first planes of a bulk low T c superconductor, boron that shows T c =11K under pressure [14] : graphene B monolayers, intercalated by second metallic planes of a non superconducting element, magnesium [14] : hcp Mg monolayers. Therefore following the discovery of Nagamatsu et al. [13] it was first proposed by the Rome group [15] [16] [17] that MgB 2 shows mutigap superconductivity. The multigap superconductivity in MgB 2 was quickly confirmed by experiments on the upper critical field H c2 (T) [18] , tunneling [19] and angular resolved photoemission (ARPES) [20] and many other measurements [2] . The two gaps but a single T c show directly the key role of interband pairing (IP) and there is now a wide scientific agreement that IP in MgB 2 increases T c by about a factor two. The theoretical interest is now focusing in understanding the physics of interband pairing by tuning the chemical potential in the proximity to the 2D-3D topology cross-over in the band (the 2D-3D ETT) [21] [22] [23] [24] [25] [26] . The chemical potential can be tuned experimentally toward the 2D-3D ETT by chemical substitutions of aluminum or scandium for magnesium [28] [29] [30] or carbon for boron [31] .
According to Lifshitz [12] in the proximity of an ETT point it is possible that the compressibility becomes negative and the system shows a lattice instability and phase separation. Multiphase behavior has already been reported for a series of Mg 1-x Al x B 2 (x 0.025) systems studied by means of synchrotron X-ray powder diffraction and 11B NMR techniques [28] , in Mg 1-x Sc x B 2 (x<0.12) [30] , as well as an extensive series of MgB 2-x C x systems (x .06) [31] .
In the case of the Mg 1-x Al x B 2 system the chemical potential is tuned at the 2D/3D ETT point for x=0.33 [27] . It has been shown [21] that the interband pairing term shows a broad resonance as expected for a superconducting Feshbach shape resonance. Experimental evidence for the 2D-3D topology cross-over in the band is indicated a frequency hardening and a line-width narrowing of the Raman E 2g mode indicating a strong reduction of the electron-phonon interaction going from 2D regime to the 3D regime through the ETT point [29, 30] .
In this work we have addressed our interest to probe the proximity of the chemical potential to the 2D-3D ETT point by measuring the thermal expansion in the low temperature range. The lattice instability in the proximity of an ETT according with Lifshitz [12] can induces a negative thermal expansion (NTE) of the lattice volume at very low temperature and it is expected to change by changing the proximity to the ETT point. The thermal expansion of the MgB 2 has been measured via neutron diffraction [32] and a negative thermal expansion below T c has been observed [33] . We have studied the system Al 1-x Mg x B 2 in order to characterize the correlation between the thermal expansion of the MgB 2 and its electronic and superconducting properties.
Experiment and data processing
We have measured the low-temperature thermal expansion, using high-resolution powder Xray powder diffraction, as a function of Al substitution for Mg in the Al x Mg 1-x B 2 system. Samples of Al x Mg 1-x B 2 have been synthesized by direct reaction of the elemental magnesium, aluminium (rod, 99.9 mass% nominal purity) and boron (99.5% pure, <60 mesh powder) enclosed in a stoichiometry ratio in tantalum (Ta) crucibles, sealed by arc welding under argon atmosphere. The Ta crucibles have been sealed in a heavy iron cylinder and heated for 1 h at 800 ºC and 2 h at 900 ºC. We have characterized the Al/Mg lattice disorder of several samples at room temperature with high-resolution X-ray powder diffraction using synchrotron radiation. We have investigated the samples with Al content x=0.00, x=0.13 and x=0.57. The
Al content x has been determined by the measured volume of the crystallographic unit cell of each sample at room temperature The critical temperatures of the three samples have been determined by measuring the temperature dependence of the susceptibility.
High-resolution X-ray powder diffraction experiments were carried out on the beam-line ID31 [34, 35] [36] provided by GSAS refining program [37] . . The high quality powder diffraction data reflect the enhanced crystallinity and purity of the samples and the very low instrumental contribution to the diffraction lines due to the parallel beam optics geometry of ID31.
Results and discussion
In figure 2 we have plotted the susceptibility of the samples as a function of temperature. The narrow superconducting transitions again indicate the high quality of the superconducting samples used for the present work. The T c determined from the susceptibility curve were found to be 39.6 K, 29.5 K and 2.3 K for the three samples with increasing Al content respectively.
In figure 3a ) the refined unit cell volume of the three samples versus temperature is shown.
The temperature dependance of the unit cell volume as given by diffraction data between 300 K and 60 K can be well described by the Einstein model using a single effective phonon frequency (solid line). The refined phonon frequencies seem to be nearly constant in 2D regime and decrease in 3D regime: 504 K, 502 K and 442 K respectively with increasing Al content. A large NTE is observed in the MgB 2 at low temperatures, in qualitative agreement with previous neutron diffraction data [33] . However, a very high "signal to noise ratio" combined with a small instrumental contribution to the peak width of our diffraction profile permits to reveal that the NTE start to appear below T*=60 K, and not at T c as previously believed [33] . The NTE is observed also in the compound x=0.13. It occurs in the same temperature range (T< T*=60 K) and it is much higher than the one revealed in pure MgB 2 .
This is the first experimental measure of the very strong NTE below T* in the compound with The smaller NTE measured by Jorgensen et al [33] could be due assigned to the difference between the slow cooling measurements (present case) and slow heating measurements [33] .
Further experimental investigation is required to verify this point.
An evident anomaly in the thermal expansion of the MgB 2 at T c indicates coupling of the superconducting condensate with the lattice. This effect is commonly associated with the change in the specific heat.
The NTE can be explained in terms of the proximity of MgB 2 to the 2D-3D ETT point.
According to Lifshitz's theory a system may show lattice instability when the chemical potential is slightly higher than its own value at the ETT point. In the case of Mg 1-x Al x B 2 this situation occurs when the band is 2D i.e., for x<0.33. This instability should disappear when the chemical potential shifts beyond the ETT point that is when the band becomes 3D. The results obtained are the first experimental demonstration of both the proximity of the MgB 2 to a 2.5 Lifshitz transition and the consequent instability of its lattice structure.
Conclusions
In this work we have studied the correlation between the electronic properties and the lattice structure in the superconducting system Mg 1-x Al x B 2 through measurements of the lowtemperature negative thermal expansion as a function of Al content. We have observed that the MgB 2 shows a lattice instability evidenced by a strong negative thermal expansion. This instability grows strongly with the chemical substitution and disappears in the 3D regime. In particular for the first time we have evidenced the strong NTE of Mg 0.87 Al 0.13 B 2 . 
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